Reforestation has been widely adopted to restore soil fertility and ecosystem service function in the rocky desertification region of southwestern China. However, there has been limited research concerning the stoichiometry of carbon (C), nitrogen (N), and phosphorus (P) and nutrient resorption rate of plantations in karst ecosystems. In this study, we selected plantations of Pinus yunnanensis Franch. (PY) and Eucalyptus maideni F. Muell. (EM) in Yunnan Province. The C, N, and P concentrations and the C:N:P stoichiometry in different soil layers (0-10 cm, 10-20 cm, and 20-30 cm) were examined. The nutrient limitation and nutrient resorption efficiency were also analyzed. The leaf C and N concentrations in the PY plantation were higher than that in the EM plantation; the P concentration demonstrated the opposite trend, both in green and senesced leaves. Soil C, N, and P concentrations in the EM plantation were much greater than in the PY plantation at all three depths and decreased with the depth of the soil. In addition, the high ratios of C:P, N:P, C:Available P, and N:Available P in soil coupled with the ratios of N:P in leaves indicate that the EM plantation has a greater P deficiency than the PY plantation. In the EM plantation, the relatively low P concentrations in senesced leaves indicates efficient TP (Total phosphorus) resorption, which highlights that the high reuse proficiency of P could have favored moderating P limitation in the karst ecosystem. This research aids in understanding the stoichiometric characteristics that mediate forest properties, and provides a basis for management of vegetation in karst ecosystems.
Introduction
Karst landscapes cover an area of 0.34 million km 2 in southwestern China, accounting for nearly 15% of the world's land surface [1, 2] . Over the past several decades, the ecosystem in southwestern China has been degraded due to intensive anthropogenic disturbances, which have changed the soil fertility and ecosystem service function, resulting in the genesis of bare land [3, 4] . Vegetation restoration and reforestation projects initiated by the Chinese government (e.g., the Green for Grain program and the Natural Forest Protection Project) have achieved limited success in the restoration of degraded land to maintain soil fertility and improve ecological conditions [5, 6] . Plant growth and This study was conducted at the Desert Ecological Research Station in Jianshui County (102 • 54 E, 23 • 37 N), Yunnan Province, southwest China ( Figure 1) . The site has a typical subtropical monsoon climate with distinct warm-wet (May to October, about 85% of annual precipitation) and cool-dry seasons (November to April, about 15% of annual precipitation). The area has a mean annual precipitation of 805 mm and mean annual temperature of 19.8 • C. The average annual evaporation capacity is 2296.5 mm. As typical for karst ecosystems, the calcareous soil developed from a limestone base. Vegetation and soil degradation are serious due to anthropogenic disturbances, which have resulted in large areas of bare lands in this region. Since the 1990s, PY and EM plantations have been used to reforest the degraded ecosystem.
In this study, two vegetation restoration plantations (PY and EM) in isolated sites (less than 8 km away from each other) were chosen for this research. Before the planting of PY and EM, both sites were barren hills, and the plantations were closed to further human interference after planting. 
Sample Collection and Preparation
In June 2016, two plantations consisting of six plots (each with dimensions of 20 × 20 m; three replicates) were selected for data collection. Quadrats of 10 × 10 m, 5 × 5 m, and 1 × 1 m were established in areas primarily composed of forest, shrub, and herb, respectively [24] . A total of 312 quadrats (24 from forests, 96 from shrubs, and 192 from herbs) were established. The diameter at breast height at 1.3 m was measured for all trees and the individual number for each tree species was recorded. The shrubs and herbs were measured in each quadrat and the species were identified. The GPS coordinates and elevation of each plot were measured, and the slope and aspect were recorded. Vegetation properties of the two plantations are shown in Table 1 .
Plant samples were collected at the same height above the ground. Within each plot, five dominant trees were selected for the collection of plant organs. The plant organs collected were: live, green leaves (GLs) collected at the top of canopy; senesced yellow leaves (SLs) picked from the same tree to avoid nutrient loss from litter; branches; stems; and roots. All plant materials were gently washed with fresh water and oven dried to a constant mass at 65 °C for 72 h. Dried materials were then ground to pass through a 1-mm mesh sieve and stored for analysis.
Soil samples were collected simultaneously with plant samples by taking 4-cm diameter soil cores from 0-10, 10-20, and 20-30 cm depths from 12 locations in each plot. The 12 cores were combined to form one composite soil sample per depth per plot and placed in a polyethylene bag and shipped to a laboratory for soil physico-chemical analysis. In the laboratory, the roots, stones, and other debris were removed by hand. The samples were then air dried, ground, and sieved through a 60-mesh sieve (0.25 mm diameter) for chemical analysis.
Chemical Analyses
The organic C concentration of leaf samples was determined using the wet oxidation K2Cr2O7+H2SO4 digestion and titration following the FeSO4 method [24] . The total nitrogen (TN) concentration of plant samples was determined following a semi-micro Kjeldahl digestion using a flow injection autoanalyzer [4] . The total phosphorus (TP) concentration was analyzed colorimetrically following the ammonium molybdate method [25] . Soil pH, soil water content (SWC), bulk density (BD), capillary porosity (CP), organic carbon (SOC), TN, TP, available nitrogen (AN), available potassium (AK), and available phosphorus (AP) were all analyzed following the international standard methods as adopted and published by the Institute of Soil Science, Chinese Academy of Sciences (1978) . Soil physicochemical characteristics from the selected plantations are given in Table 2 . 
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Statistical Analyses
Plant organs and soil C, N, and P stoichiometric ratios were calculated on a mass basis of C, N, and P. C, N, and P concentrations in senesced leaves were used as indicators of the nutrient reuse efficiency (NRE). Nutrient resorption efficiency (NRE, %) was also calculated as the nutrient concentration between green leaves and senesced leaves using the equation (1) [26] :
where Xgre and Xsen are the nutrient concentrations in green and senesced leaves, and MLCF is the mass loss correction factor of 0.745 for conifer species, and 0.784 for deciduous species [27, 28] . All analyses were performed using Microsoft Excel 2016 (Microsoft, Redmond, WA, USA) and statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Figures were generated by Origin 8.5 (Origin Lab., Hampton, MA, USA). A one-way analysis of variance (ANOVA) was used to identify the significant differences of plant organs (leaves, branches, stems, and roots) organic C, TN, TP, physical properties of different soil horizons, organic C, TN, TP, and their ratios. The difference in nutrient concentrations and the ratios were analyzed by least significant difference (LSD) tests, and the significance was defined at 0.05. Multiple linear regressions were applied to explore the relationships between elements and their ratios within the different plantations.
Results

The Concentrations and Ratios of C, N, and P in Different Plant Organs
The C concentrations measured from the PY plant organs were much greater than that for EM (p < 0.05; Figure 2a ). The N concentration was the greatest in leaves, but in branches, stems, and roots, the N concentrations were higher in EM than in PY (Figure 2b ). The P concentrations of the plant organs were much lower than the C and N concentrations, and only limited differences can be seen among the different plant organs (Figure 2c ). The C, N, and P concentrations in the plant organs of the two different plantation types are significantly different.
The ratios of C:N, C:P, and N:P in the plant organs from the PY and EM plantations are shown in Figure 2 . The C:N ratios in the plant organs in the EM plantation was lower than that in the PY plantation, especially in branches and stems (p < 0.05; Figure 2d ). The C:P ratio in the two vegetation types have similar trends as the C:N ratio except in the roots (Figure 2e ). The N:P ratio in the leaves from EM was lower than that in PY, but with the branches, stems, and roots, the EM plantation was much higher than PY (p < 0.05; Figure 2f ). The average C:N:P ratio of plant organs from the PY plantation was much higher than that of the EM plantation (Table 3) . Table 3 . Stoichiometric characteristics of plant organs and soil C:N:P of the two vegetation types.
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The Concentrations and Ratios of C, N, and P in Soils
Soil C concentration tended to decline with soil depth and was significantly lower in soil collected from the 20-30 cm layer than in the 0-10 cm layer (p < 0.05). The C concentration in the 0-10 cm layer was higher in EM than PY, but in the 10-20 cm and 20-30 cm layers the opposite was found (Figure 3a ). Soil N and P concentration tended to decrease with soil depth either in the EM or in the PY plantations at all three depths, and the EM was much greater than the PY, whereas only limited variation of the two concentrations was observed (Figure 3b,c) .
The pattern of soil C:N and C:P in the EM plantation was much lower than the PY plantation at all three depths, but the soil C:N ratio in the soil profiles increased slightly with soil depth, and the soil C:P ratio in the soil profiles decreased with soil depth (Figure 3d,e) . The soil N:P ratio in the EM plantation was much higher than the PY plantation in the 0-10 cm and 10-20 cm profiles, and both the values in the soil profiles decreased with soil depth (Figure 3f ). The C:N:P ratio in the PY plantation was much greater than in the EM plantation (Table 3) .
In the EM plantation, the available P (Av_P) concentrations varied between 0.973 g/kg and 1.626 g/kg, with a mean of 1.244 g/kg, and in the PY plantation, the available P concentrations varied between 0.667 g/kg and 1.013 g/kg, with a mean of 0.893 g/kg (Table 2 ). Both the ratios of C:Av_P and N:Av_P in the EM plantation in the soil profiles decreased slightly with the depth of the soil, but in the PY plantation, an increase and then decrease was observed with the soil depth. The average ratio of C:Av_P is much higher in the PY plantation, and N:Av_P is much higher in the EM plantation (Figure 4) . 
Soil C concentration tended to decline with soil depth and was significantly lower in soil collected from the 20-30 cm layer than in the 0-10 cm layer (p < 0.05). The C concentration in the 0-10 cm layer was higher in EM than PY, but in the 10-20 cm and 20-30 cm layers the opposite was found (Figure 3a) . Soil N and P concentration tended to decrease with soil depth either in the EM or in the PY plantations at all three depths, and the EM was much greater than the PY, whereas only limited variation of the two concentrations was observed (Figure 3b,c) .
In the EM plantation, the available P (Av_P) concentrations varied between 0.973 g/kg and 1.626 g/kg, with a mean of 1.244 g/kg, and in the PY plantation, the available P concentrations varied between 0.667 g/kg and 1.013 g/kg, with a mean of 0.893 g/kg (Table 2 ). Both the ratios of C:Av_P and N:Av_P in the EM plantation in the soil profiles decreased slightly with the depth of the soil, but in the PY plantation, an increase and then decrease was observed with the soil depth. The average ratio of C:Av_P is much higher in the PY plantation, and N:Av_P is much higher in the EM plantation (Figure 4) . Figure 5 shows the nutrient resorption efficiency of C (NRE-C), N (NRE-N), and P (NRE-P) of the two plantations. The average rates of C resorption in the EM and PY plantations were 28.08% and 42.03%, respectively. The rates of N resorption were 26.30% and 32.80%, respectively. Both the rates of C and N resorption for the PY plantation were significantly higher than those for the EM plantation. The average rate of P resorption for the PY plantation was much lower than that in the EM plantation (33.05% and 42.96%, respectively; Figure 5 ). Figure 5 shows the nutrient resorption efficiency of C (NRE-C), N (NRE-N), and P (NRE-P) of the two plantations. The average rates of C resorption in the EM and PY plantations were 28.08% and 42.03%, respectively. The rates of N resorption were 26.30% and 32.80%, respectively. Both the rates of C and N resorption for the PY plantation were significantly higher than those for the EM plantation. The average rate of P resorption for the PY plantation was much lower than that in the EM plantation (33.05% and 42.96%, respectively; Figure 5 ). Figure 5 shows the nutrient resorption efficiency of C (NRE-C), N (NRE-N), and P (NRE-P) of the two plantations. The average rates of C resorption in the EM and PY plantations were 28.08% and 42.03%, respectively. The rates of N resorption were 26.30% and 32.80%, respectively. Both the rates of C and N resorption for the PY plantation were significantly higher than those for the EM plantation.
The Nutrient Resorption Efficiency (NRE) of the Two Different Vegetation Types
The average rate of P resorption for the PY plantation was much lower than that in the EM plantation (33.05% and 42.96%, respectively; Figure 5 ). 
Discussion
General Patterns of C, N, and P Concentrations and C:N:P Stoichiometry in Different Plant Organs
Plant organs contain various elements, and the contents of these elements affect the growth of plants [29] . The C, N, and P concentrations were different among the plant organs from Pinus yunnanensis and Eucalyptus (Figure 2a-c) . In PY and EM plantations, the leaf C concentrations were 707.22 g/kg and 572.97 g/kg, and the leaf N concentrations were 47.87 g/kg and 45.04 g/kg, respectively (Figure 2a,b) . The leaf C and N concentrations were much higher than what has been previously found in other studies at the same latitude, where C concentrations in PY and EM plantations were 509.25 g/kg and 462.45 g/kg, and leaf N concentrations were 11.24 g/kg and 18.03 g/kg, respectively [30] [31] [32] . Conifer needles have a large number of C-rich compounds such as resins, tannins, and waxes, which could contribute to the higher C content [33] . Plants in subtropical areas with high temperatures, sunlight, and precipitation have the ability to undergo cell division and require proteins involved in photosynthesis, resulting in relatively high N in leaves [34, 35] . In PY and EM plantations, the P concentrations in leaves were 2.49 g/kg and 2.61 g/kg, respectively. This is higher than what was found in previous studies, where the P concentrations were 0.82 g/kg and 1.33 g/kg, respectively [30, 32] . The dominant tree species in our research were significantly higher than that of the mean leaf P in terrestrial ecosystems (1.99 g/kg), and the P concentration in EM was higher than in the PY plantation [35, 36] . Our research supported a previous study that suggested that plants with high relative growth rates generally have high leaf P concentrations, as they must have high metabolic rates to support the energy demands of macromolecular synthesis [37] . A previous study also argued that low leaf P in plants is indicative of low protein content and slow growth, which also would account for recalcitrant litter [38] . The concentrations of C, N, and P in leaves and needles are higher in karst landscapes, indicating that Eucalyptus and P. yunnanensis had a more conservative use of nutrients to cope with the harsh environment (e.g., low water retention capacity and soil nutrients), helping plants to gain a competitive advantage in barren soils [4, [39] [40] [41] .
There were higher C and relatively lower N concentrations in PY in the branches and stems; therefore, the C:N ratios of the branches and stems were significantly higher than those of the leaves and roots. The C:N ratios in the plant organs from EM were lower than that of PY, especially in 
Discussion
General Patterns of C, N, and P Concentrations and C:N:P Stoichiometry in Different Plant Organs
There were higher C and relatively lower N concentrations in PY in the branches and stems; therefore, the C:N ratios of the branches and stems were significantly higher than those of the leaves and roots. The C:N ratios in the plant organs from EM were lower than that of PY, especially in branches and stems (p < 0.05; Figure 2d ). These results are in accordance with earlier studies that showed that the C:N ratios of coniferous forests were higher than broad-leaved forests, but the N:P ratios were lower than in broad-leaved forests [42, 43] . We speculate that the differences could be attributed to the high N concentration and low P concentration we found in coniferous forests. However, conifer needles have a large number of C-rich compounds such as resins, tannins, and waxes, which could contribute to higher C:N ratios [44] .
Possible Factors Affecting the Nutrient Concentrations and Stoichiometry of C, N, and P in the Soils
A number of studies have reported that soil stoichiometry varied with biotic and abiotic factors, and varied with the scale of the study [45] [46] [47] . Climate plays an important role in nutrient cycling and availability [48] . In this study, EM and PY are located at low latitudes and the high precipitation facilitates the production of organic matter, thus leading to higher organic matter in the soil [42, 49, 50] . The soil P supply is strongly influenced by climate. Higher temperature and precipitation can accelerate soil weathering, leading to a rapid release of P and a decrease of the levels of P in soils [51] . Under the higher temperature and precipitation at our study sites, higher ratios of C:P and N:P were observed in the soils than the C:N in PY and EM (Figure 3) .
Another effect of plants on the nutrients in soils is related to the litter. The litter can influence the structure of the soil microbial community, microbial biomass, and decomposition processes [52] . Combined with the higher temperature and precipitation, broadleaf trees (such as EM) have been found to have much greater quantities of litter and faster decomposition rates than coniferous trees (such as PY) [53] . Our data supported the assertion that during the litter decomposition process, various elements enter the soil and induce changes of the C, N, and P concentrations in soils and affect the nutrient element ratios. Compared with the PY plantation, the EM plantation had much higher C, N, and P concentrations and N:P ratio but lower C:N and C:P in the soils at each soil depth (Figure 3) .
Carbon is generally closely related to N and P in the soil. As plants die, microorganisms decompose litter to obtain energy and nutrients [54] . Multiple linear regressions were used to distinguish factors influencing C:N, C:P, and N:P in soils. Results indicated that C:N was mostly affected by TN and AP; C:P was mostly affected by SOC, TP, and AK; and N:P was mostly affected by TN, TPAP, AK, and NO 3 − -N (Table 4) . R CN (C:N), R CP (C:P), and R NP (N:P). x1, x2, x3, x4, x5, x6 and x7 represent SOC, TN, TP, AP, AK, NO 3 − -N and NH 4 + -N, respectively.
Nutrient Limitation
Leaf TN and TP concentrations reflect nutrient demands required for plant growth of the different vegetation types and nutrient conditions; this is beneficial to understanding the relationship between plants and soils. In most terrestrial ecosystems, N and P availability can limit plant growth and affect plant traits, community composition, and biodiversity [55] . Leaf C, N, and P concentrations, as well as stoichiometric ratios of green and senesced leaves, showed significant differences in this research (Figures 2 and 6 ). Researchers have found the critical N:P ratios that indicate N or P limitation using different plant tissues [56] . According to the definition above, our results indicated that P was limited in both the PY and EM plantations. The growth of PY and EM in the plantations was mostly limited by the availability of phosphorus, which was concordant with the P deficiency in the low latitude region and in the karst ecosystem [4, 42, 57] .
Leaf nutrient contents are bound to the nutrient availability in soil [9] . Soils, especially surface soils, are highly involved in the biogeochemical cycling of nutrients in terrestrial ecosystems [58, 59] . In the present study, the ratios of C:P, N:P, C:Av_P, and N:Av_P in soil was much greater in both plantations. This implied that SOC and TN were abundant and TP and AP were limited in the two plantations, indicating that P is the limiting element in the two vegetation types.
We found that P was the primary limiting nutrient in our study sites, and at least four reasons might account for this. The increased atmospheric N deposition will induce low soil P availability on a global scale [15, 60] . High temperatures and precipitation at low latitudes will accelerate the chemical processes of soil phosphorus released from the parent material [16, 35] . In addition, high concentrations of iron (Fe) and aluminum (Al) in red soils will reduce the availability of P through the synthesis of Fe-P and Al-P [61, 62] . Furthermore, karst ecosystems have an abundance of CaCO 3 , which results in relatively low P bioavailability [63] .
Nutrient Resorption Efficiency (NRE)
Nitrogen and phosphorus resorption efficiency were considered critical factors in affecting nutrient status of senesced leaves, which could have effects on litter quality, nutrient return to soils, and plant growth [4] . We found that nutrient contents and C:N:P stoichiometry in green and senesced leaves differed between the two plantations (Figures 2 and 6 ). The resorption rates of C and N for PY were significantly higher than the resorption rates for EM, but the average rates of P resorption for PY were much lower than for EM ( Figure 5 ). In our research, for example, NRE-P was greater (38.01 ± 7.01%) than NRE-N (29.55 ± 4.59%) on average for the two studied plantations considered in tandem ( Figure 5) . These values tended to be in general agreement with the mean NRE of 35.41% for P and 29.17% for N from the karst areas in China [4] . The resorption efficiency based on leaf mass in our study was lower than the average of 50% typically reported for conifers and broadleaf species [33] . Leaf nutrient contents are bound to the nutrient availability in soil [9] . Soils, especially surface soils, are highly involved in the biogeochemical cycling of nutrients in terrestrial ecosystems [58, 59] . In the present study, the ratios of C:P, N:P, C:Av_P, and N:Av_P in soil was much greater in both plantations. This implied that SOC and TN were abundant and TP and AP were limited in the two plantations, indicating that P is the limiting element in the two vegetation types.
We found that P was the primary limiting nutrient in our study sites, and at least four reasons might account for this. The increased atmospheric N deposition will induce low soil P availability on a global scale [15, 60] . High temperatures and precipitation at low latitudes will accelerate the chemical processes of soil phosphorus released from the parent material [16, 35] . In addition, high concentrations of iron (Fe) and aluminum (Al) in red soils will reduce the availability of P through the synthesis of Fe-P and Al-P [61, 62] . Furthermore, karst ecosystems have an abundance of CaCO3, which results in relatively low P bioavailability [63] .
Nitrogen and phosphorus resorption efficiency were considered critical factors in affecting nutrient status of senesced leaves, which could have effects on litter quality, nutrient return to soils, and plant growth [4] . We found that nutrient contents and C:N:P stoichiometry in green and senesced leaves differed between the two plantations (Figures 2 and 6 ). The resorption rates of C and N for PY were significantly higher than the resorption rates for EM, but the average rates of P resorption for PY were much lower than for EM ( Figure 5 ). In our research, for example, NRE-P was greater (38.01 ± 7.01%) than NRE-N (29.55 ± 4.59%) on average for the two studied plantations considered in tandem ( Figure 5) . These values tended to be in general agreement with the mean NRE of 35.41% for P and 29.17% for N from the karst areas in China [4] . The resorption efficiency based on leaf mass in our study was lower than the average of 50% typically reported for conifers and broadleaf species [33] . The NRE-P was higher than NRE-N, which indicated the deficiency of P in soils of low latitude regions, or differences in the relative amounts of nutrients that were leached from the leaves. Thus, the high resorption rates of P could have favored moderating P deficiency in the karst ecosystem [4, 7] . This finding is inconsistent with previous research that reported a negative response of nutrient resorption and conservation by plants to the availability of a limiting nutrient [64] . The C:N:P ratios in the senesced leaves of the two plantations were also different ( Figure 6 ). The N:P ratio was higher in senesced leaves, suggesting that PY and EM plantations are more P limited. This also indicates a stronger tendency for the resorption of P relative to N in the karst ecosystem. The high C:P ratio but low C:N ratio in the two plantations implies more efficient use of C and P than N, which reflects the adaptation of plants to low P habitats ( Figure 6 ). The NRE-P was higher than NRE-N, which indicated the deficiency of P in soils of low latitude regions, or differences in the relative amounts of nutrients that were leached from the leaves. Thus, the high resorption rates of P could have favored moderating P deficiency in the karst ecosystem [4, 7] . This finding is inconsistent with previous research that reported a negative response of nutrient resorption and conservation by plants to the availability of a limiting nutrient [64] . The C:N:P ratios in the senesced leaves of the two plantations were also different ( Figure 6 ). The N:P ratio was higher in senesced leaves, suggesting that PY and EM plantations are more P limited. This also indicates a stronger tendency for the resorption of P relative to N in the karst ecosystem. The high C:P ratio but low C:N ratio in the two plantations implies more efficient use of C and P than N, which reflects the adaptation of plants to low P habitats ( Figure 6 ).
Conclusions
This study clearly revealed that leaf C and N concentrations were higher in PY than EM, but the P concentration had an opposite trend in both green and senesced leaves. Soil C, N, and P concentrations in EM were much greater than the PY plantation at all three depths, and the concentrations decreased with the increasing depth of the soil. In addition, the ratios of C:P, N:P, C:Available P, and N:Available P in soil coupled with the ratio of N:P and the resorption rate in leaves indicates that P is the limiting element in the two plantations. The ratio of N:P and the resorption rate could be effective indictors for nutrient limitation in karst ecosystems. Furthermore, the relatively low P concentrations in senesced leaves and the higher TP resorption rate reflected the low availability and deficiency of phosphorus in the soil. Thus, the high reuse proficiency of P could have mitigated P limitation. Our findings will be useful for vegetation restoration and reconstruction in karst ecosystems.
